Measurement of an Efimov trimer binding energy in a three-component mixture of °Li 
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The binding energy of an Efimov trimer state was precisely determined via radio-frequency association. 
It is found that the measurement results significantly shift with temperature, but that the shift can be 
made negligible at the lowest temperature in our experiment. The obtained trimer binding energy reveals 
a significant deviation from the nonuniversal theory prediction based on a three-body parameter with a 
monotonic energy dependence. 



About forty years ago, V. Efimov predicted that the exis- 
tence of universal trimer states known as the Efimov states, 
in a three-body system with resonant short-range interac- 
tions llfl. Such universal states are characterized only by 
the two-body scattering lengths for each pair of particles 
and a three -body parameter fixed by short-range physics. 
Owing to magnetic Feshbach resonances |2|], ultracold 
atomic systems turned out to be the first systems where 
the Efimov effect was observed conclusively. Since the 
first experimental evidence in an ultracold cesium gas Jll], 
general properties of few-body systems near unitarity such 
as the universal scaling laws [4] were confirmed in many 
ultracold bosonic systems pHal and a three-component 
fermionic gas of 6 Li U via the inelastic collision 
enhancements and minima occurring at particular inten- 
sities of an externally-applied magnetic field. Although 
these features are qualitatively explained by Efimov's uni- 
versal theory (UT) |4J], their relative positions of loss fea- 
tures are shifted significantly from universal predictions. 
For example, the shift of the atom-dimer loss peaks from 
that expected from the three -body loss peaks [jD, [T3L Q 
and the notable discrepancies in properties of the Efimov 
resonances between regions of positive and negative scat- 
tering lengths HI] do not seem to be consistent with a fixed 
three-body parameter. Therefore, the precise determination 
of the three-body parameter is crucial to understand these 
systems. 

To understand the atom-dimer loss feature in the three- 
component gas of 6 Li, we constructed a nonuniversal 
model by taking into account the energy dependence of 
the scattering length due to finite -range corrections |fl3h . 
This two-body physics correction still does not explain the 
atom-dimer loss feature that we observed experimentally. 
We then introduced an energy-dependent three-body pa- 
rameter A which phenomenologically reproduces all the 
experimental data of the three-body loss and the atom- 
dimer loss in the three-component mixture of 6 Li atoms. 
lfl3l[l5ll . However, these three-body and atom-dimer loss 
measurements provide information on A only at the points 
where the trimer energy level vanishes upon dissociation or 
meets a dimer energy level. Thus, it has been desirable to 



directly measure the binding energy of the Efimov trimers 
to fully determine the three -body parameter and the valid- 
ity of the model. 

Recently, T. Lompe et.al.[ 16] demonstrated a radio- 
frequency (RF) association of the Efimov trimer state in 
the three-component mixture of 6 Li atoms. This method 
constitutes the most direct observation of Efimov trimers 
so far, and provides a way to determine the binding energy 
of the Efimov trimers not only at particular points, but also 
over a continuous range of the magnetic field. The mea- 
sured energies reported in iflfjll are seemingly in very good 
agreement with the predictions of our phenomenological 
model 111 311 . However, their measurement was done at a 
temperature of 1 /UK which can shift the resonance of the 
RF spectroscopy on the order of 30 kHz iflql . To precisely 
determine the three-body parameter from the binding en- 
ergy measurement, it is important to take into account the 
temperature effect in the RF spectroscopy. 

In this Letter, we report on the measurements of the bind- 
ing energy of the Efimov trimer state and the precise de- 
termination of the three -body parameter. In particular, we 
observed the temperature dependence of the RF spectrum, 
and found a resonance shift with temperature. Operating at 
lower temperature to eliminate this shift, we found that the 
measured energies significantly deviate from those of Ref. 
El and the previous predictions [13]. Refining the model 
to fit these measurements, we obtain a non-monotonic en- 
ergy dependence of the three -body parameter A. 

We use a mixture of fermionic 6 Li atoms in the lowest 
three hyperiine states \F;m F ) = |l/2;l/2), |l/2;-l/2) 
and 1 3/2 ; —3/2), which we label as |1), |2) and |3), re- 
spectively. Because of their fermionic nature, only distin- 
guishable particles interact via s-wave scattering, i.e., pair 
interactions are described by three different two-body scat- 
tering lengths a 12 , 023 an d 031, which diverge at 834 G, 
8 1 1 G, and 690 G respectively due to Feshbach resonances. 
These three broad and overlapping Feshbach resonances al- 
low us to precisely tune all three scattering lengths simul- 
taneously via magnetic field. At first, we create a degen- 
erate Fermi gas of 6 Li atoms in the two lowest hyperiine 
states |1) and |2) as described in detail in [17]. Then we 
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FIG. 1. (Color online) (a)Energy levels and transitions associ- 
ated with the RF association of trimers. Transitions (A), (B) and 
(C) correspond to an association of Efimov trimer, bare atomic 
transition between 2) and |3) and dissociation of 1 12) dimers, re- 
spectively. (b)RF spectrum at 700 G. Dips (A), (B) and (C) cor- 
respond to signals of the transition (A), (B) and (C), respectively. 
Each data point is the average of 3 - 5 measurements. 



evaporatively cooled the atoms with a population ratio of 
|1) : |2) = 1 : 2 ~ 1 : 4 at 834 G, and adiabatically 
ramped down the magnetic field to 685 G-740 G in 300 ms. 
At this field ramp, |12) dimers, which were formed from 
associating states |1) and |2), were adiabatically formed 
and excess atoms in |2) still remained in the trap. In this 
way, we obtained a mixture of |2) atoms and 1 12) dimers. 

In our experiment, temperature was controlled by chang- 
ing the depth of the optical trap. For the measurement 
at high temperatures (T > 500 nK), we used a single- 
beam optical trap with a beam waist of 33 (we call 
this a "tight trap"). For measurements at lower tempera- 
tures (T < 500 nK), we used a large -volume hybrid mag- 
netic/optical trap with an effective beam waist of 300 /xm 
("shallow trap"). The trap frequencies for the tight (shal- 
low) trap were approximately given by uj x /2it = 67y/P 



Hz (54 Hz), oj y /27T = 52VP Hz (44 Hz) and u z /2tt = 
V0.26B + 0.20P Hz (V0 315 Hz) in the x, y and z di- 
rections, respectively, where P is the power of the optical 
dipole trap in mW and B is the strength of the magnetic 
field in Gauss. The laser power for the tight trap was varied 
between 80 and 660 mW, which corresponds to a temper- 
ature from 500 nK to 2 fj,K. The total number of atoms in 
state 1 2) before creating dimers was 10 6 — 10 5 depending 
on the final temperature. 

Figure Q] (a) represents the energy levels and transitions 
related to the RF association of trimers. We started from a 
mixture of |2) atoms and 1 12) dimers at the fields of inter- 
est and applied an RF field at frequencies around the transi- 
tion from 1 2) to |3). We applied the RF fields to the atom- 
dimer mixture for 30 ms (highest temperature) — 300 ms 
(lowest temperature) using an antenna designed to be res- 
onant at 80 MHz. The Rabi frequency was 7 kHz for the 
1 2)- 1 3) transition at 705 G. After RF-pulse we performed 
state- selective absorption imaging at 834 G, and counted 
the number of atoms in |2) after dissociating 1 12) dimers. 

Figure[T](b) shows a typical RF spectrum taken at 700 G 
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FIG. 2. (Color online) (a)-(c) Temperature dependence of the 
RF association spectrum at 705 G. The data were taken at 
1370(90) nK (a), 554(37) nK (b) and 86.5(4.2) nK (c). The Efi- 
mov association peak position (vertical red line) shifts as tem- 
perature changes, (d) Temperature dependence of the peak dif- 
ference at 695 G (red circles), 705 G (blue squares) and 715 G 
(green diamonds). The black dashed lines show 1.5fcBT depen- 
dence. 



at the temperature of 70 nK. The central dip (B) at u cor- 
responds to the bare atomic transition between |2) and |3). 
The width of the transition reflects the inelastic collision 
rate between |3) atoms and 1 1 2) dimers 111 811 . The left dip 
(A) at v t corresponds to the association to Efimov trimers. 
Association occurs when the detuning from the bare atomic 
transition Av = v Q — v t matches to the difference between 
the 1 12) dimer binding energy El 2 and the trimer binding 
energy _E| 123 ),i.e. v t = u - E\ 123 )/h + El 2 /h, where his 
Planck's constant. The right dip (C) is the signal from the 
dissociation of 1 12) dimers. The location of the bare atomic 
transition and the dip of the Efimov association were de- 
termined by fitting the data with a double -Lorentzian func- 
tion, N(u) = N^-A /[l + {u-u f/(T /2f]-A t /[l + 
{y— Vt) 1 1 (I\/2) 2 ]. The free parameters are amplitude, po- 
sition and width of the free-free transition (A , v , T ) and 
those of trimer association dips (A t , v t ,T t ), and offset N Q . 

When the kinetic energies of the atoms and dimers are on 
the same order as the resolution of the RF spectroscopy, we 
need to take into account the resonance shift due to finite 
temperature effects. Figures|2](a)-(c) show the temperature 
dependent RF spectra taken at 705 G. We can clearly see 
that the dip of the Efimov resonance shifts to the left as the 
temperature increases. Here we estimate the temperature 
of the cloud from the time-of-flight images of |2) atoms 
at zero magnetic field. The magnetic field was turned off 
simultaneously with the optical trap to suddenly eliminate 
the interaction between atoms and dimers, and the expan- 
sion of 1 2) atoms reflects the temperature of the cloud. Al- 
though T/T F is around 0.5 at the lowest (T F is the Fermi 
temperature of the trapped system), the collisional energy 
distribution remains close to a Boltzmann distribution 111 911 . 

Figure |2] (d) shows the temperature dependence of the 
Efimov resonance location measured from the bare atomic 
transition v - v t at 695 G, 705 G and 7 15 G. We found that 
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the shift due to temperature below 1 .5 fiK is well described 
by l.bk^T (dashed lines) as expected from the Boltzmann 
distribution l20h . It is also expected that the slope of the 
temperature dependence becomes smaller when k B T/h is 
comparable with the transition linewidth. A change in the 
slope can be seen at around 1.5 /iK in Fig. 12(d), which 
seems to suggest that the linewidth of the Efimov trimer 
state in this magnetic field region is roughly 1.5 /iK ~ 
30 kHz, which is consistent with the fitting result of T t . 
The density of the |2) atoms is 1 x 10 11 cm -3 for the shal- 
low trap (data point for T < 0.5 fiK) and 2 x 10 12 cm~ 3 
for the tight trap. We estimate that the resonance shifts due 
to collisions between trimers and atoms or dimers are neg- 
ligible in the shallow trap corresponding to the low tem- 
perature measurements. In the tight trap, we noticed a 
shift of the bare atomic transition resonance on the order 
of 10(2) kHz, which is within the accuracy of our measure- 
ment. 

Note that the measurement in lllal and our data points 
around 1 fiK in Fig. |2](d) are consistent. However, since 
there is a non-negligible shift due to the temperature effect 
as shown in the present measurement, we need to extrapo- 
late the plot in Fig. 12(d) toward zero temperature to extract 
the actual binding energy from the RF spectra. 

Figure [3] (a) shows the magnetic -field dependence of the 
binding energy divided by h. All data points were taken 
at 70 nK. The binding energy of the trimer is given by 
E\i23) = El 2 + (hv — hu t ), where is the binding 
energy of the 1 12) dimer from coupled-channel equations 
using singlet and triplet potentials for 6 Li [21]. The sepa- 
ration between the Efimov association dip and atom reso- 
nance become smaller as the magnetic field increases. To 
resolve these two resonances, we made the bare atomic 
transition narrower by reducing the number of dimers. 
Since the linewidth of the bare atomic transition is de- 
termined by the inelastic collision rate of |3) atoms with 
1 12) dimers, reducing the number of 1 12) dimers makes 
the atomic resonance narrower and helps separate the Efi- 
mov resonance from the atomic resonance. Above 715 G 
where the Efimov resonance frequency gets closer to the 
atomic resonance, we used imbalanced atom-dimer mix- 
tures whose population ratio is about 1 12) : |2) ~ 1 : 3. 
We confirmed that changing the population ratio does not 
change the position of the association dips. In this way, 
we were able to determine the binding energy of Efimov 
trimers up to 740 G [23]. We could not observe an asso- 
ciation dip at and below 685 G. This is consistent with the 
previous atom-dimer loss experiments lfl3"[[l4ll in which the 
dimer-trimer meeting point was observed at 685 G. 

In previous works 11131 [l5Tl . we showed that the univer- 
sal model cannot accurately describe the trimer because the 
dimer binding energy is already off by 8 % from its univer- 
sal behaviour. Taking into account the non-universal two- 
body behaviour using energy-dependent scattering lengths, 
we determined the two values of the three -body parameter 
A 685 and A 895 which reproduce the observed dimer-trimer 
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FIG. 3. (Color online) (a) Magnetic-field dependence of the bind- 
ing energy of the Efimov trimer states. The blue dotted (the green 
dashed) curve indicates calculated binding energy using constant 
3-body parameter Agss (Asgs). The red solid curve is given by 
our previous nonuniversal theory with energy dependent 3-body 
parameter assuming monotonic energy dependence and adjusted 
to match both resonances at 685 G and 895 G 11311 . Measured 
binding energies at low temperature is indicated with black dia- 
mond and its error bars include fitting uncertainties, uncertainty 
of the calculated dimer binding energy (2 kHz) and temperature 
shift estimated from 1.5k^T. The red point indicates the posi- 
tion of the observed |1) — ] 23) atom-dimer loss peak 1131. 11411 . 
The solid curves labeled ] 12) and 1 23) are the binding energies of 
dimer 1 12) and |23), respectively. Insets (b) and (c) show the RF 
spectra at 700 G and 735 G respectively. The units of the inset 
figures are the same as that of FigQ](b). 



meeting point at 685 G lfl3l[l4ll . and the trimer dissociation 
point at 895 G [[H, respectively. These two values are not 
consistent and lead to two different trimer energy curves 
indicated by the blue dotted and green dashed curves in 
Fig. [3] This lead us to the conclusion that the three-body 
parameter A must vary, presumably with energy. We made 
an interpolation of A, leading to the trimer energy curve 
indicated by the red solid curve in Fig. [3] Fortuitously, the 
trimer energy reported in lfl6Tl from 1 jiK measurements 
agree with this interpolated curve. However, our new data 
do not follow this curve, and suggest a more complicated 
variation of A. 

It should be noted that the value of A is very sensitive 
to the two-body model, in particular the uncertainty of the 
scattering length. For example, the experimental uncer- 
tainties of dimer binding energy of ~2 kHz at 720 G re- 
ported in [22] gives an uncertainty of at most ~ 0.7 % 
in the scattering lengths but it can cause a 5 % variation 
of A. As such, the value of A per se is not so meaning- 
ful. As long as the deviation of the scattering length in our 
model from the real one is a smooth nearly-constant shift, 
the energy dependence of the three-body parameter shows 
the same behavior. Therefore we can investigate the vari- 
ation of A. For a given two-body model [21], we adjust 
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FIG. 4. (Color online) Energy-dependence of the three-body pa- 
rameter A. The black open squares show A previously deter- 
mined from three-body loss [12] and atom-dimer loss 11311 ■ The 
blue dotted line and the green dashed line show constant three- 
body parameters Ag85 and A895, respectively. The red curve in- 
dicates A for our interpolated curve in Fig. [3] The black dia- 
monds show the modified energy-dependence of A to reproduce 
the measured binding energy. Insets shows the magnetic-field de- 
pendence of the three-body parameters. 



the value of A to reproduce the trimer energy for each ex- 
perimental point. The resulting variation of A is indicated 
by black diamonds in Fig. |4] Curiously enough, the vari- 
ation of A does not seem monotonic. This suggests that 
the naive expectation that the three -body parameter should 
have a simple nearly constant behaviour may not be true 
in such atomic Feshbach resonant systems. Understanding 
such a peculiar variation using models beyond the zero- 
range single-channel approximation constitutes a new chal- 
lenge. For example the three-body interaction between the 
small closed-channel molecular component and the third 
atom |24J] may contribute to such a variation of the three- 
body parameter. Our preliminary calculations show that 
very large interactions could shift the energy by as much as 
20 kHz. 

In summary, we have measured the binding energy of 
an Efimov state by RF association in a three-component 
mixture of 6 Li atoms. We found that the observed RF asso- 
ciation dip shifts with temperature and performed our as- 
sociation at very low temperature (< 70 nK). Our lowest 
temperature measurements reveal that the binding energy 
of the Efimov states is smaller than expected. Our results 
suggest a peculiar variation of the effective three -body pa- 
rameter which sets the trimer binding energy in zero-range 
models. This new information on the non-universal Efimov 
physics of three-component 6 Li constitutes a new chal- 
lenge for few-body theories. A full understanding of the 
Efimov spectrum will provide quantitative explanations for 
other experiments on the three component mixtures of 6 Li 
such as the observations of loss minima in atom-dimer mix- 
tures of 1 12) and |3) H, which have received so far only 



qualitative ||25|| or phenomenological [TU] explanations. 
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